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論文内容要約 
Chapter 1 Introduction 
Biomaterials have been defined as “a nonviable material used in a medical device, intended to interact with biological systems”. Among the 
many applications in which biomaterials can be used, hard tissue and joint replacements are more appropriate for metallic biomaterials, such as Ti. A 
high specific strength (strength-to-density ratio), high corrosion resistance, and high biocompatibility make Ti and its alloys attractive materials for 
biomedical applications. Commercially pure Ti (CP-Ti) and Ti-6Al-4V (Ti-64) ELI are the most used Ti-based biomaterials. However, CP-Ti has 
relatively low mechanical strength compared to other metallic biomaterials, while Ti-64 ELI shows good mechanical properties but was shown to 
release toxic V and Al ions. Metallic biomaterials can also present the problem of mismatch between the Young’s modulus of the metallic implant and 
that of the cortical human bone, which can cause the stress shielding effect and is detrimental for the health of bone tissue. In recent years, increased 
efforts were directed at producing more biocompatible Ti alloys. These alloys are mainly β-type alloys composed of non-toxic elements, with a lower 
Young’s modulus. One recently developed alloy, Ti-29Nb-13Ta-4.6Zr, shows a Young’s modulus of 60 GPa, good bone formability and 
biocompatibility. However, Nb and Ta are costly alloying elements regarded as critical materials. A series of studies estimated that orthopedic surgeries 
generate meaningful societal net benefits by improving the life quality and productivity of the working population and reducing welfare costs. Thus, a 
low-cost, biomedical Ti alloy has the potential to improve net societal benefits by indirectly reducing medical costs. Thus, suitable alloy options with 
lower cost must be developed. 
In this study, we consider two approaches in order to promote cost reduction: make use of a low-cost alloying element, and low-cost fabrication 
methods. Mn was selected as the alloying element, complying with the requirements of using more biocompatible elements, achieving compatible 
mechanical properties, as well as having lower cost. Two fabrication methods were selected as low-cost methods: cold crucible levitation melting 
(CCLM) – a standard melting method, which can provide ingots with low contamination rates, good homogeneity, and large production rate – and 
metal injection molding (MIM) – an advanced near-net shape powder metallurgy method. Ti-Mn alloys were initially developed around the 1950s and 
most studies concerning these alloys were conducted between the 1950s and mid-1980s. Most of these studies focused on the α+β type Ti-8Mn 
because of its industrial applications at the time (moderately high temperature structural applications in aircrafts). Along the years, few studies have 
considered Ti-Mn alloys with an Mn content higher than about 12 mass%. Further, none of the previous studies focused on the mechanical and 
deformation behaviors of solution treated and quenched β-type Ti-Mn alloys.  
In this study, as the starting test condition, the alloys are subjected to solution treatment for 3.6 ks at 1173 K in vacuum followed by ice water 
quenching in order to retain the β phase. The alloys are characterized by chemical analysis, microstructural observations (optical microscopy – OM –, 
transmission electron microscopy – TEM –, scanning electron microscopy – SEM), X-ray diffractometry (XRD) analyses, and mechanical properties 
evaluation (Vickers hardness, Young’s modulus, tensile tests). Some alloys are additionally characterized by biocompatibility evaluation (ion release in 
simulated body fluid – SBF –, cytotoxicity tests) and compressive tests. 
Chapter 2 Ti-Mn binary alloys fabricated by CCLM 
Ingots of Ti-(6, 9, 13 and 18 mass%)Mn were fabricated by CCLM. Hereafter, alloys fabricated by this method are identified by the subscript 
“LM”, as in Ti-MnLM. The alloys are composed of equiaxed β grains with an average grain diameter of 190 μm. However, TEM observations indicate 
the existence of athermal ω phase on Ti-(6-13)MnLM. The intensity of the spots attributed to the athermal ω phase decreases and changes to streaks, 
eventually disappearing with increasing Mn content. Ti-6MnLM shows the highest hardness (469 HV) and Young’s modulus (129 GPa) among the 
Ti-MnLM, and a brittle tensile behavior because of the large amount of athermal ω phase. Both hardness and Young’s modulus decrease in Ti-9MnLM. 
From Ti-9MnLM, increasing Mn content tends to increase the hardness and Young’s modulus of the alloys, and decrease their ductility, with Ti-18MnLM 
showing an extremely brittle-like behavior. Ti-9MnLM, Ti-13MnLM, and Ti-18MnLM show Vickers hardness (338, 312 and 336 HV, respectively) 
comparable to that of Ti-64 ELI. Ti-9Mn shows the lowest Young’s modulus (94 GPa) and best combination ultimate tensile strength (UTS, σB), 0.2% 
proof stress (σ0.2), and elongation (σB: 1048 MPa, σ0.2: 1023 MPa, and elongation: 19%) among the Ti-MnLM alloys, which are also superior to those of 
Ti-64 ELI, and make this alloy more suitable for biomedical applications. The examination of the tensile tested fracture surfaces of Ti-(9-18)MnLM 
reveals that the fracture mode gradually changes from ductile to brittle, with increasing Mn content. Every Ti-MnLM alloy shows ion release rates 
consistent with their chemical composition when subjected to SBF. Furthermore, the oxide layer can reform when subjected to SBF. Following a 72 h 
incubation period test, the MC3T3-E1 cell proliferation rates of Ti-18MnLM and CP-Mn are lower than those of the other alloys. 
Chapter 3 Ti-Mn binary alloys fabricated by MIM 
Ingots of Ti-(8, 9, 12, 13, 15, and 17 mass%)Mn were fabricated by MIM. Hereafter, alloys fabricated by this method will be identified by the 
subscript “MIM”, as in Ti-MnMIM. The alloys were prepared using gas-atomized Ti and fine Mn powders with an O impurity level of 0.16 and 0.77 
mass%, respectively. Thus, the O content of Ti-(8–17)MnMIM increases with increasing Mn content, from approximately 0.23 to 0.32 mass%. C 
pick-up can happen during the debinding process, and the C content of the alloys is approximately 0.06 mass%. The alloys are composed of equiaxed β 
grains with an average grain diameter 70 μm. The athermal ω phase is detected by TEM observations, of which amount decreases with increasing Mn 
content. The OM observations indicate the presence of small closed pores, large interconnected pores, and elongated Ti carbides in every alloy. 
Ti-9MnMIM shows the best balance of tensile properties (σB = 1046 MPa, σ0.2 = 992 MPa, elongation = 4.7%), a low Young’s modulus (89 GPa), and 
the lowest compressive properties among the Ti-MnMIM alloys. After the elongation increases from Ti-8MnMIM (1.5%) to Ti-9MnMIM (4.7%) it 
gradually decreases with increasing Mn content, as the alloys show a brittle-like behavior, evidenced by the fracture surfaces of the tensile specimens. 
The ductility of Ti-MnMIM is adversely affected by the high O content, and the presence of pores and carbides. Thus, improvement on ductility is 
required before practical use in biomedical applications.  
Chapter 4 Ti-Mn-Mo alloys fabricated by CCLM 
Ti-9Mn showed the best balance of mechanical properties and a performance mostly superior to that of Ti-64 ELI. However, it is desirable to 
improve the ductility of the Ti-Mn alloys. It has been shown that the ductility of Ti alloys can be improved by promoting twinning-induced plasticity 
(TWIP). Following the “d-electron concept for alloy design” and the concept of “Mo equivalent” (Moeq), it is observed that an addition of 3-4 mass% 
Mo to Ti-(5-6 mass%)Mn should promote twinning during deformation. Hereafter, the Ti-Mn-Mo alloys are named “TMM”, followed by their 
nominal alloying contents, as in “TMM-53” for Ti-5Mn-3Mo. TMMLM are composed of equiaxed β grains with an average grain diameter 180 μm. 
The athermal ω phase is detected by TEM observations, of which amount decreases with increasing Moeq. The hardness of the TMM alloys ranges 
from 336 to 373 HV, and the Young’s modulus from 89 to 100 GPa. Both hardness and Young’s modulus tend to decrease with increasing Moeq. 
Mechanical twinning upon tensile deformation is observed in TMM-53LM and TMM-54LM. The band-like structures show misorientation angles of 
approximately 50º with the matrix, and are identified as {332}<113> mechanical twins. TMM-63 and TMM-64 show higher tensile strength, but no 
twinning. TMM-54 shows the highest elongation, of 34%, associated to mechanical twinning, and UTS of 935 MPa. TMM-63 shows an elongation of 
14%, and the highest UTS, of 1220 MPa, associated to the formation of deformation-induced ω phase. 
Chapter 5 Ti-Mn-Mo alloys fabricated by MIM 
The addition of Mo into Ti-Mn alloys showed various benefits over the mechanical properties of the alloys, and especially over the ductility of 
TMM-54LM caused by TWIP upon tensile deformation. On the other hand, fabrication by MIM introduced pores, carbides, and high interstitial 
impurity contents, which caused a drastic reduction on the tensile ductility of the Ti-MnMIM alloys. Thus, it is desirable to investigate whether the 
ductility of the alloys fabricated by MIM can also be improved by TWIP, which was promoted by Mo addition.  TMM-53, TMM-54, TMM-63, and 
TMM-64 were fabricated by MIM. The O content of the alloys varies from approximately 0.22 to 0.24 mass%, and the C content of the alloys is 
approximately 0.08 mass%. There is no significant difference in the average grain diameter of TMMMIM, which is approximately 37 μm, half of that of 
the Ti-Mn MIM alloys. This decrease in the average grain diameter is promoted by the low diffusion coefficient of Mo in Ti. Small closed pores, large 
interconnected pores, and Ti carbides can be observed in every alloy. However, the pores of TMMMIM are smaller and more round than those of 
Ti-MnMIM. This is because of the smaller size of the Mo powder, compared to the Ti and Mn powders, which improves the compactibility of the 
powder mixture. The hardness of TMMMIM ranges from 312 to 359 HV and the Young’s modulus from 84 to 88 GPa. TMM-53MIM and TMM-54MIM 
show deformation-induced α" martensite, while TMM-54MIM also shows {332}<113> mechanical twin, and the fracture surface of TMMMIM is 
predominantly covered in dimples. All these features are associated with a ductile fracture mode. However, the elongation of the alloys is still critically 
low. TMM-63 (hardness = 359 HV, Young’s modulus = 86 GPa, σB = 1143, σ0.2 = 1077 MPa, elongation = 3.9%) showed the best combination of 
mechanical properties among TMMMIM. The Young’s modulus and tensile strength of TMM-53MIM, TMM-54MIM, and TMM-64MIM are more 
adequate for biomedical applications than those of their TMMLM counterparts or than those of Ti-64 ELI. Their hardness is also comparable to that of 
Ti-64 ELI, but their elongation requires improvement.  
Chapter 6 Final remarks & conclusions 
Figure 1 shows a comparison of the hardness, Young’s modulus, UTS, and elongation between all the alloys groups: Ti-MnLM, Ti-MnMIM, 
TMMLM, and TMMMIM. It is clear that TMM alloys show a better combination of mechanical properties for biomedical applications. Further, if not for 
their critically low elongation, TMMMIM would show a combination of mechanical properties superior to those of TMMLM, including the lowest 
Young’s modulus among the Ti-Mn system alloys. 
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Figure 1 Summary of some mechanical properties of Ti-Mn system alloys fabricated by CCLM and MIM.  
